TITLE OF INVENTION 
SWITCHED- CAPACITOR LOW- PASS FILTER AND SEMICONDUCTOR 
PRESSURE SENSOR APPARATUS INCORPORATING THE FILTER 

BACKGROUND OF THE INVENTION 
5 Field of Technology 

The present invention relates to a low-pass filter 
formed of a switched capacitor circuit, and to a 
semiconductor pressure sensor apparatus which utilizes 
such a low-pass filter. 

10 Description of Prior Art 

Due to their advantages of being small in size and 
having high performance, various types of semiconductor 
pressure sensor apparatus are utilized in applications 
such as for pressure detection within the air intake 

15 pipes or exhaust pipes of vehicle engines, or in non- 
vehicle applications such as in gas meters, etc. Since a 
semiconductor pressure sensor has excellent response 
characteristics, they are suitable for use in detecting 
rapid changes in pressure. However, the high speed of 

20 response of a semiconductor pressure sensor is a 

disadvantage in applications in which it is required to 
detect average changes in pressure, with high-frequency 
components of the pressure changes being excluded. In 
such a case, in which it is required to extract low- 

25 frequency components of the pressure changes, it is 
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necessary to use a low-pass filter to remove the high- 
frequency components from a detection signal that is 
obtained from a semiconductor pressure sensor. 

Fig. 7 is a circuit diagram of an example of a prior 

5 art type of semiconductor pressure sensor apparatus. 

With this apparatus, a detection signal that is generated 
by a semiconductor pressure sensor 1 is amplified by a 
differential amplifier 2, and the resultant output signal 
is transferred through a low-pass filter 3, to thereby 

10 obtain an output signal voltage that contains only low- 
frequency components of the pressure changes that are 
detected by the semiconductor pressure sensor 1. 

The semiconductor pressure sensor 1 can for example 
be formed of a diaphragm constituted by a plate of 

15 silicon having a region that is made relatively thin, 
with piezoresistive elements Gl ~ G4 (i.e., elements 
which exhibit a change in resistance when subjected to 
distortion) formed on a surface of the diaphragm. When 
pressure is applied to the diaphragm, causing shape 

20 distortion to occur, the respective resistance values of 
the piezoresistive elements Gl ~ G4 are altered. The 
piezoresistive elements Gl" G4 are connected in a bridge 
configuration, so that when pressure is applied to the 
diaphragm then for example a potential Vpl that appears 

25 between the mutual connection points of the 
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piezoresistive elements G2 and G3 may be increased, while 
a potential Vp2 that appears between the mutual 
connection points of the piezoresistive elements Gl and 
G4 may be decreased. 
5 The potentials Vpl, Vp2 that appear between the 

mutual connection points are amplified by the 
differential amplifier 2, to obtain an output signal 
having an instantaneous value of voltage designated as Vo, 
whose value is proportional to the voltage difference 

10 (Vpl - Vp2). Since that output signal contains high- 
frequency components, it is passed through the low-pass 
filter 3 to obtain an output signal that contains only 
low- frequency components, and whose instantaneous voltage 
value is designated as Vout. 

15 In the following it will be assumed that switches 

which perform capacitor switching are implemented as FETs 
(field effect transistors) , each controlled by a control 
voltage signal applied to a gate electrode, and with the 
ON/OFF conditions of the switch corresponding to 

20 conducting/non-conducting conditions , respectively, 
between the drain and source electrodes of the FET. 

Usually, the low-pass filter 3 is configured as a 
switched capacitor circuit that is formed in an 
integrated circuit. The capacitor switching is performed 

25 by switches Sll, S12, S13, S24, S25, S26 which are 
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respective analog switches (where the term "analog 
switch" is used herein to signify a switching element 
constituted by a semiconductor switch device such as a 
MOS FET) controlled by control signals that are 

5 constituted by first and second clock signals §1 , <J)2 shown 
in the timing diagram of Fig. 8, and are generated by a 
clock pulse signal generating circuit 30. Fig. 8 
illustrates the phase relationships of the two-phase 
clock signals (|>1 , §2 when each of these has a frequency of 

10 150 kHz. Each of the set of switches Sll, S12, S13 is 
set in the ON (i.e., conducting) state when the first 
clock signal §1 is at the active level (assumed to be the 
high level, in the example of Fig. 8), while each of the 
set of switches S24, S25, S26 is set in the conducting 

15 state when the second signal §2 is at the active level. 

When the analog switches Sll ~ S13 and S24 ~ S26 are 
controlled as described above by the two-phase clock 
signals <(>1 , (|)2 with the timing relationships shown in Fig. 
8, the equivalent circuit of the operation becomes as 

20 shown in Fig. 6, i.e., with the circuit functioning as a 
low-pass filter. The values of the resistors Rl, R2 and 
the cut-off frequency fc of that equivalent circuit are 
obtained (designating the frequency of each of the two- 
phase clock signals (j)l , §2 as fs, the respective 

25 capacitance values of the capacitors CI, C2 C3 as cl, c2. 
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c3 and the resistance value of the resistors Rl, R2 as rl, 
r2 respectively) from the following equations: 

rl = 1/ (fs.cl) (1) 

r2 - 1/ (f s.c2) (2) 

5 fc = 1/ (271. r2 .c3) = f s . c2/ (2n. c3 ) (3) 

With a usual type of semiconductor pressure sensor 
apparatus, the cut-off frequency fc is generally required 
to be approximately 100~400 Hz. If for example the cut- 
off frequency is 100 Hz, then the values c2 = 0.25 pf, c3 
10 = 60 pf, fs = 150 kHz, can be used. Such capacitance and 
frequency values can readily be obtained by using devices 
that are formed in an integrated circuit. 

However considering the case in which a 
substantially lower value of cut-off frequency is 
15 required, e.g., 1 Hz, then if the values for the 

frequency fs of the two-phase clock signals c^l, §2 and for 
the capacitor C2 are made the same as in the above 
numeric example, the value of capacitor C3 must be 
multiplied by 100, i.e., to be made 6,000 pf . In 
20 practice, it is not possible to realize such a large 

value of capacitance by a capacitor that is formed in a 
semiconductor integrated circuit. 

Thus, since it would not be practicable to 
substantially reduce the value of capacitor C2 below 
25 approximately 0.25 pf, it would be necessary to lower the 
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frequency fs of the two-phase clock signals <|>1, <j>2 by a 
factor of 1:100, i.e., to approximately 1.5 kHz, in order 
to achieve a value of cut-off frequency as low as 1 Hz 
with such a prior art type of low-pass filter. 
5 The phase relationship between the two-phase clock 

signals (j)l , §2 during one clock period, in the case of a 
prior art type of apparatus in which the frequency of 
each of the two-phase clock signals <|>2 is 150 kHz will 

be considered referring again to the timing diagram of 

10 Fig. 8, and to Figs. 5A to 5D . Figs. 5A to 5D 

respectively illustrate successive conditions attained by 
the low-pass filter 3 (when formed as the switched 
capacitor circuit shown in Fig. 7) during four successive 
time intervals within a clock period, designated as Phase 

15 1, Phase 2, Phase 3 and Phase 4. 

Firstly as shown in Fig. 5A, during Phase 1, the 
capacitor CI becomes charged to the input voltage Vo, 
while conversely the capacitor C2 is discharged, to reach 
a charge of zero. The charge in the capacitor C3 is left 

20 unchanged . 

Next, considering Phase 2, as shown in Fig. 5B all 
of the switches Sll, S12, S13, S24, S25, S26 are in the 
OFF (i.e., open) state, so that the charge in each of the 
capacitors CI, C2 , C3 is left unchanged. Thus, during 

25 Phase 2, the respective voltages developed across the 
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capacitors are left unchanged from those which existed at 
the end of Phase 1. 

Next, considering Phase 3, as shown in Fig. 5C the 
capacitors C2 and C3 become connected in parallel, and 
5 the capacitor CI becomes connected between the inverting 
input terminal and the non- inverting input terminal of 
the operational amplifier OP1 . Since the inverting input 
terminal and the non- inverting input terminal of the 
operational amplifier OP1 are held at the same potential 

10 the capacitor CI becomes discharged. The resultant 
discharge current flow acts to charge each of the 
capacitors C2 , C3 . The capacitor C2 becomes finally 
charged to the output signal voltage Vout that is being 
produced from the operational amplifier OP1 at that point 

15 in time. The amount of charging current which flows into 
the capacitor C3 is equal to the amount of discharge 
current which flows from the capacitor CI, with the 
charge voltage of the capacitor C3 changing accordingly. 
Since the voltage to which the capacitor C3 becomes 

20 charged is necessarily identical to the output voltage 
Vout from the operational amplifier OP1, the amount of 
change of that output voltage Vout is equal to the amount 
of change in the voltage to which the capacitor C3 is 
charged . 
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Next, considering Phase 4, as shown in Fig. 5D all 
of the switches Sll, S12 , S13, S24, S25, S26 are in the 
OFF state, in the same way as for the condition during 
Phase 3. Thus, each of the capacitors CI, C2 , C3 is left 
in the same condition of charge as that which existed at 
the end of Phase 3 . 

However a problem arises with respect to a change in 
the charge voltages of the capacitors CI, C2 during the 
Phase 2 interval. Immediately after the start of Phase 2, 
the amount of charge in the capacitor CI is Vo.Cl, while 
amount of charge in the capacitor C2 is zero. Since the 
amount of area that is available on the substrate of a 
semiconductor integrated circuit is extremely small, each 
capacitor can only have a maximum value that is very 
small. In addition as can be understood from equation 
(3) above, the value of capacitor c2 should be as small 
as possible, to achieve a low value of cut-off frequency 
for the low-pass filter, e.g., 0.25 pF. When the amount 
of capacitance is extremely small, then when analog 
switches that are respectively connected between the 
terminals of a capacitor and ground potential are set in 
the OFF state, even a tiny amount of leakage current that 
flows in these analog switches will have a substantial 
effect upon the voltage to which the capacitor is charged. 
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The term "leakage current" is used here to refer to 
a total amount of leakage current flow, which is 
determined by such factors as the finite amount of 
resistance that exists between the drain and source 
5 electrodes of a FET constituting an analog switch, when 
in the OFF state, and also by the leakage current that 
flows in the PN junction that exists between the region 
below the drain and source electrodes and the substrate, 
etc. The leakage current magnitude increases in 

10 accordance with increases in operating temperature. 

Referring again to the timing diagram of Fig. 8, since 
the cut-off frequency fc is 100 Hz, and the duration of a 
Phase 2 interval is 1.7 microseconds and so is extremely 
short, the effects of leakage current during that 

15 interval can in practice be ignored. However if the 

capacitor values were to be left unchanged, and the cut- 
off frequency fc were to be lowered to 1 Hz, then it 
would be necessary to lower the frequency fs of the two- 
phase clock signals (|)1 , §2 to become 1.5 kHz as described 

20 above. If that is done, then the duration of a Phase 2 
interval becomes multiplied by a factor of 100, i.e., to 
become 170 microseconds. In that case, with all of the 
switches Sll, S12, S13, S24, S25, S26 in the OFF state 
during such a long-duration Phase 2 interval, the amount 

25 of charge in the capacitors CI, C2 will change 
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substantially during that interval, due to leakage 
current flow in the switches that are connected on each 
side of each of these capacitors. 

As a result the problem arises that an error will 
arise in the gain of the low -pass filter 3 in the low- 
frequency range and in the actual cut-off frequency of 
the low-pass filter (i.e., by comparison with the cut-off 
frequency that is derived from equation (3) ) . 

SUMMARY OF THE INVENTION 

It is an objective of the present invention to 
overcome the problems of the prior art set out above, by 
providing a low -pass filter that is configured as a 
switched capacitor circuit, whereby even when the 
frequency of the two-phase clock signals (|>1 , <|>2 is made 
substantially lower than has been the practice in the 
prior art, in order to achieve a very low value of cut- 
off frequency for the filter ( for example, approximately 
1 Hz) and the values of capacitors used in the switched 
capacitor circuit are made sufficiently small to enable 
the capacitors to be readily manufactured within a 
semiconductor integrated circuit , the operation of the 
low-pass filter will be substantially unaffected by 
leakage currents which flow in switching elements of the 
switched capacitor circuit . 
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Basically, the present invention is applicable to a 
low-pass filter that is configured as a switched 
capacitor circuit, and is used to detect variations in 
voltage of an input signal, such as a detection signal 
5 from a pressure sensor or an amplified detection signal 
from a pressure sensor. Such a switched capacitor circuit 
includes first and second capacitors that are fixedly 
connected in series, and an operational amplifier having 
a third capacitor fixedly connected between its output 

10 terminal and a non- inverting input terminal. The input 

signal to the low-pass filter is applied between an input 
terminal of the filter and the non- inverting input 
terminal of the operational amplifier. The switched 
capacitor circuit also includes first and second sets of 

15 switching elements operable for establishing a plurality 
of respectively different connection conditions between 
the first, second and third capacitors and the input 
terminal of the low-pass filter, and switching control 
means for selectively setting all of the first plurality 

20 of switching elements in a conducting state and in a non- 
conducting state and for selectively setting all of the 
second plurality of switching elements in a conducting 
state and in a non-conducting state, to establish the 
different connection conditions in a predetermined 

25 sequence. Specifically, the switching control means 
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periodically controls the switching elements to 
sequentially establish : 

(a) during a first time interval (Phase 1) , a 
condition in which the first capacitor is charged to the 

5 voltage of the input signal, while the second capacitor 
is discharged to zero and the charge of the third 
capacitor is left unchanged, 

(b) during a second time interval (Phase 2) , a 
condition in which no charging or discharging of the 

10 capacitors occurs, 

(c) during a third time interval (Phase 3) , a 
condition in which the second and third capacitors are 
connected in parallel between the output terminal and 
inverting input terminal of the operational amplifier and 

15 are each charged from the first capacitor, while the 
first capacitor is discharged to zero, with a 
corresponding change in the voltage across the third 
capacitor and a resultant change in output voltage from 
the operational amplifier, and 

20 (d) during a fourth time interval (Phase 4) , a 

condition in which no charging or discharging of the 
capacitors occurs . 

A basic feature of the present invention is that of 
providing such a low-pass filter, in which the switching 

25 control means is configured to establish as short a 
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duration as possible for the second time interval (Phase 
2) , within a range of durations whereby none of the first 
set of switching elements can enter the conducting status 
concurrently with any of the second set of switching 
5 elements. 

Since in general the switching elements are 
implemented as semiconductor devices (e.g., MOS FET 
transistors) , the maximum possible duration for the 
second time interval will increase in accordance with 

10 increased operating temperature of the low-pass filter, 
due to leakage of charge to or from the capacitors 
because of leakage currents of the switching elements 
that are connected to each side of each capacitor. Such 
leakage currents increase in accordance with increasing 

15 temperature. Hence, the "shortest possible duration" is 
preferably established as the shortest duration whereby 
none of the first set of switching elements can enter the 
conducting status concurrently with any of the second set 
of switching elements when the low-pass filter is 

20 functioning at a predetermined maximum operating 
temperature . 

In addition, the shortest possible duration for the 
second time interval may be established based on the 
maximum amount of error that is permissible in the DC 
25 gain of the low-pass filter. The amount of that error 
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varies substantially in proportion to the amount of 
change in charge voltage that occurs in the 
aforementioned second capacitor during the second time 
interval. Thus for example if the maximum amount of 
5 error that is permissible in the DC gain of the low-pass 
filter is 3%, then the shortest possible duration for the 
aforementioned second time interval can be established as 
"a duration for the second time interval whereby the 
amount of charge in the second capacitor during that time 

10 interval does not change by more than 3%". 

It is a further objective to provide a semiconductor 
pressure sensor apparatus that utilizes such a low-pass 
filter. To achieve that objective, the invention provides 
a semiconductor pressure sensor apparatus comprising 

15 a semiconductor substrate having a region thereof 

formed to be thinner than surrounding regions to thereby 
constitute a diaphragm, 

a first pair of piezoresistive elements mounted on 
the diaphragm, each adapted to exhibit an increase in 

20 resistance when pressure is applied to the diaphragm, 

a second pair of piezoresistive elements mounted on 
the diaphragm, each adapted to exhibit a decrease in 
resistance when pressure is applied to the diaphragm, the 
piezoresistive elements being connected as an electrical 

25 bridge circuit, having a first connection point that 
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connects a first one of the first pair of piezoresis tive 
elements to a first one of the second pair of 
piezoresistive elements, a second connection point that 
connects a second one of the first pair of piezoresistive 
5 elements to a second one of the second pair of 

piezoresistive elements, a third connection point that 
connects the first one of the first pair of 
piezoresistive elements to the second one of the second 
pair of piezoresistive elements, and a fourth connection 

10 point that connects the second one of the first pair of 
piezoresistive elements to the first one of the second 
pair of piezoresistive elements, 

a source of an electric current that is passed 
between the first and second connection points, 

15 a differential amplifier for amplifying a voltage 

difference between the second and third connection points, 
and 

a low-pass filter according to the present invention. 

20 Specifically, an amplified output signal produced 

from the differential amplifier is supplied to the low- 
pass filter, for thereby detecting variations in pressure 
applied to the diaphragm. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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Fig. 1 shows the electrical configuration of an 
embodiment of a semiconductor pressure sensor apparatus; 

Fig. 2 is a timing diagram for illustrating timing 
relationships between two-phase clock signals that are 
utilized in a switched capacitor type of low-pass filter 
circuit in the embodiment of Fig. 1; 

Figs. 3A, 3B show the configuration of a pressure 
sensor element which may be used with the above 
embodiment; 

Fig. 4 is a circuit diagram of an example of a 
circuit for generating the two-phase clock signals that 
are used in the above embodiment; 

Figs. 5A to 5D are circuit diagrams which illustrate 
successive switching conditions that are attained by a 
switched capacitor type of low-pass filter circuit; 

Fig. 6 is an equivalent circuit diagram of a 
switched capacitor type of low-pass filter circuit; 

Fig. 7 shows the electrical configuration of an 
example of a prior art type of semiconductor pressure 
sensor apparatus; and 

Fig. 8 is a timing diagram for describing the 
operation of a switched capacitor type of low-pass filter 
in the prior art example of Fig. 7. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
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Fig. 1 is a circuit diagram showing an embodiment of 
a semiconductor pressure sensor apparatus which 
incorporates a low -pass filter 3 , implemented as a 
switched capacitor circuit. Components in Fig. 1 
5 corresponding to components of the prior art example of 
Fig. 7 described above are designated by identical 
reference numerals to those of Fig. 7. It can thus be 
understood that the respective configurations of the 
semiconductor pressure sensor 1, the differential 

10 amplifier 2 and the low-pass filter 3 may be similar to 
those of the prior art example of Fig. 7 . However a 
clock pulse signal generating circuit 40 of this 
embodiment is configured to operate in a different manner 
from the prior art example, as described in the following. 

15 Fig. 3 A is a plan view of a semiconductor pressure 

sensor 1 which is used in the embodiment of Fig. 1, while 
Fig. 3B is a cross-sectional view in elevation of the 
semiconductor pressure sensor 1, taken along the line A- A 
in Fig. 3A. 

20 Fig . 2 is a timing diagram showing timing 

relationships between two-phase clock signals (|>1 , §2 of 
this embodiment, generated by the clock pulse signal 
generating circuit 40, which controls the switches of the 
low-pass filter 3 in the embodiment of Fig. 1. 
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Referring to Figs. 3A, 3B, the semiconductor 
pressure sensor 1 includes a semiconductor substrate 4, 
having an N-type layer 4b formed by epitaxial growth on a 
P-type silicon substrate 4a. The substrate 4a has a 
5 central region that is shaped to be thinner than the 
peripheral region of that substrate, and that central 
region in conjunction with the N-type epitaxial layer 4b 
constitutes a thin diaphragm 5. 

The piezoresistive elements Gl~ G4 , each formed by 

10 diffusion of P-type impurities, are disposed on a surface 
of the diaphragm 5. When pressure is applied to the 
diaphragm 5, the diaphragm 5 and the piezoresistive 
elements Gl~ G4 become distorted, the resistance of each 
of the piezoresistive elements Gl , G2 becomes increased 

15 while the resistance of each of the piezoresistive 

elements G3 , G4 becomes decreased. The piezoresistive 
elements Gl~ G4 are connected in a bridge circuit as 
shown in Fig. 1, in which the piezoresistive elements Gl~ 
G4 are indicated as respective variable resistors. 

20 A current source 6 supplies a fixed value of current 

la that flows into the mutual connection point of the 
piezoresistive elements Gl, G3 , with that current then 
flowing to ground potential through the mutual connection 
point of the piezoresistive elements G2 , G4 . When 

25 pressure is applied to the diaphragm 5, with such a 
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circuit configuration, an amount of voltage increase 
(designated as Vpl in Fig. 1) will be assumed to be 
produced at the mutual connection point of the 
piezoresistive elements G2 , G3 , with an amount of voltage 
5 decrease (designated as Vp2 in Fig. 1) being produced at 
the mutual connection point of the piezoresistive 
elements Gl , G4 . The voltage difference (Vpl - Vp2) 
varies in substantially direct proportion to variations 
in the pressure that is applied to the diaphragm 5. 
10 The voltage difference (Vpl - Vp2) is amplified by 

the differential amplifier 2, to obtain the output signal 
having the voltage value Vo as shown in Fig. 1. 

Various configurations may be used for the 
differential amplifier 2. With the specific circuit 
15 configuration shown in Fig. 1, the differential amplifier 
2 is formed of a pair of operational amplifiers OP2 , OP3 
and four resistors R3 , R4 , R5 , R6 . The potentials Vpl, 
Vp2 which are developed by the semiconductor pressure 
sensor 1 as described above are applied to the non- 
20 inverting input terminals of the operational amplifiers 
OP2, 0P3 respectively. The resistors R3 , R4 , R5 , R6 are 
connected in series between the output terminal of the 
operational amplifier OP2 and a mutual connection node 
NVref that is held at a potential which is higher than 
25 ground potential by a reference voltage value Vref . The 
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resistor R3 is connected between the output terminal and 
the non- inverting input terminal of the operational 
amplifier 0P2 , while the resistor R5 is connected between 
the output terminal and the non- inverting input terminal 

5 of the operational amplifier OP3 . 

One end of the resistor R6 is connected to the 
mutual connection node NVref. The voltage that appears 
between the output terminal of the operational amplifier 
0P2 and the mutual connection node NVref is proportional 

10 to the output voltage value from the differential 

amplifier 2. Specifically, assuming that all of the 
resistors R3 , R4 , R5 , R6 have the same value, the output 
voltage Vo is equal to 2 (Vpl - Vp2) . 

The output voltage Vo from the differential 

15 amplifier 2 is supplied to the low-pass filter 3, which 

is constituted by a switched capacitor circuit having the 
configuration described above referring to the prior art 
example of Fig. 7. That is to say, the low-pass filter 3 
is formed of an operational amplifier OP1, first, second 

20 and third capacitors CI, C2 , C3 , a set of first, second 
and third analog switches Sll, S12, S13 each of which is 
set in the conducting state when the first clock signal 
(|>1 of the two-phase clock signals (|)1 , §2 is at the active 
level, and a set of fourth, fifth and sixth analog 

25 switches S24, S25, S26 S13 each of which is set in the 
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conducting state when the second clock signal §2 is at the 
active level . 

With this embodiment, the operational amplifier 0P1 
is supplied with power from a single power supply voltage 
5 Vd. For that reason, the non- inverting input terminal of 
the operational amplifier OP1 is connected to the 
aforementioned mutual connection node NVref, which is 
held at the reference voltage Vref . The value of Vref 
can be approximately half of the supply voltage Vd. 
10 However it would be equally possible to supply the 
operational amplifier OP1 with power from a pair of 
positive and negative power supply voltages, in which 
case the reference voltage Vref could be the ground 
potential . 

15 This embodiment essentially differs from the prior 

art example of Fig. 7 described above with respect to the 
timing relationships between the first and second clock 
signals (j)l , <|)2 that are generated by the clock pulse 
signal generating circuit 40. Specifically, with this 

20 embodiment, the time interval which elapses between a 

falling edge of a pulse of the first clock signal (|)1 (i.e., 
a transition of that clock signal from the active to the 
inactive level, whereby each analog switch that is 
controlled by that clock signal is changed from the 

25 conducting to the non-conducting state) and the rising 
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edge of the succeeding pulse of the second clock signal <f>2 
(i.e., a transition of that clock signal from the 
inactive to the active level, whereby each analog switch 
that is controlled by that clock signal is set in the 
5 conducting state) is made as short as possible, insofar 
as it can be ensured that analog switches controlled by 
the first clock signal <J>1 cannot enter the conducting 
state concurrently with any analog switches controlled by 
the second clock signal <j>2 . 

10 During the first time interval, Phase 1, in which 

the first clock signal <J>1 is at the active level and the 
second clock signal <|>2 is at the inactive level , the 
connection condition of the low-pass filter 3 is as shown 
in Fig. 5A. The capacitor CI is charged to the input 

15 voltage Vo while conversely the capacitor C2 is 

discharged to 0 V, and the charge in the capacitor C3 
does not change. 

During the second time interval, Phase 2, as shown 
in Fig. 5B all of the switches Sll, S12, S13, S24, S25, 

20 S26 are in the non-conducting state so that the charge in 
each of the capacitors CI, C2 , C3 does not change. Thus, 
during Phase 2, (assuming that no charge is lost due to 
leakage current) the charges of the capacitors will 
remain unchanged from the condition at the end of Phase 1. 
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During the third time interval, Phase 3, since the 
first clock signal <|>1 is at the inactive level and the 
second clock signal (|)2 is at the active level, then the 
connection condition is as shown in Fig. 5C, with the 
5 capacitors C2 and C3 connected in parallel. The 

capacitor CI is thereby connected between the inverting 
input terminal and the non- inverting input terminal of 
the operational amplifier OP1 . Since these terminals are 
at the same potential, the capacitor CI becomes 

10 discharged, and the resultant discharge current serves to 
charge each of the capacitors C2 , C3 . As discharge 
current from the capacitor CI flows into the capacitor C2 
as a charging current, a charging current also flows from 
the output terminal of the operational amplifier OP1, so 

15 that the capacitors C2 and c3 become charged to the same 
voltage . 

Thus in the same way as described for the prior art 
example of Fig. 7, the output voltage Vo from the low- 
pass filter 3 changes by an amount that is equal to the 
20 amount of change in the voltage to which the capacitor C3 
is charged. 

Finally in the fourth time interval, Phase 4, the 
condition becomes as shown in Fig. 5D, in which all of 
the analog switches are in the non-conducting state, in 
25 the same way as during Phase 3, so that the charge in 



24 



each capacitor is held unchanged from that which existed 
at the end of Phase 3 . 

It can thus be understood that with this embodiment, 
the circuit configuration of the low-pass filter 3 and 
5 the operation of that circuit based on the two-phase 

clock signals (|)1 , (|)2 is essentially identical to that of 
the prior art example described hereinabove. However 
with this embodiment, the phase relationship between the 
two-phase clock signals (j)l , §2 differs from that of the 

10 prior art example, shown in the timing diagram of Fig. 8, 
i.e., with the phase relationships relationship between 
the two-phase clock signals <|)1 , (|>2 for this embodiment 
being as shown in the timing diagram of Fig. 2. 

Assuming that the required cut-off frequency for the 

15 low-pass filter 3 is extremely low, e.g., 1 Hz, then as 
described above, in order to be able to utilize 
capacitors which are of sufficiently small capacitance 
value to be formed on a semiconductor integrated circuit, 
it becomes necessary to lower the frequency of the basic 

20 clock signal to approximately 1.5 kHz as described 

hereinabove. In that case, with the prior art type of 
switched capacitor low-pass filter, the duration of the 
Phase 2 interval would be 170 microseconds, which is 
substantially long. Thus, the amounts of charge held in 

25 the capacitors CI, C2 would be strongly affected by 
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leakage current flow which occurs in the analog switches 
that are connected to these capacitors. As a result, as 
described hereinabove, it would not be possible to 
correctly obtain the required gain in the low- frequency- 
range, or the value of cut-off frequency that is 
expressed by equation (3) above, for the low-pass filter 
3 . 

However the above embodiment of the present 
invention having the clock signal timing relationships 
shown in Fig. 2 differs from the prior art example in 
that the duration of the Phase 2 interval is made 
extremely short. Hence, satisfactory operation can be 
achieved with a cut-off frequency as low as 1 Hz, when 
the frequency of the two-phase clock signals ()>1 , <|>2 is 
lowered to 1.5 kHz. It becomes possible to use small 
capacitance values for the capacitors of the low-pass 
filter, including C3 . 

Specifically, the duration of the Phase 2 interval 
should be made as short as possible, within a range of 
values whereby none of the analog switches that are 
controlled by the clock signal <|)1 will be in the 
conducting state (i.e., ON state) concurrently with any 
of the analog switches that are controlled by the clock 
signal §2 . 
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In particular, since the leakage current of 
switching elements such as MOS field-effect transistors 
increases with temperature, the duration of the Phase 2 
interval should be made as short as possible while 
5 ensuring that the above condition is satisfied (i.e, 
whereby there must be no overlap between conduction 
intervals of the analog switches that are controlled by 
the clock signal §1 and conduction intervals of the analog 
switches that are controlled by the clock signal §2 ) when 

10 the low-pass filter 3 is used at up to a predetermined 
maximum value of operating temperature. It can thereby 
be ensured that the operation of the low-pass filter 3 
will not be affected by temperature-dependent increases 
in leakage currents of the analog switches. 

15 Preferably, when high-speed MOS FETs are used as the 

analog switches, the duration of the Phase 2 interval 
should be within the range of 0 . 6 to 2 microseconds. 

An alternative method of determining a suitable 
minimum duration for the Phase 2 interval is as follows. 

20 If there is significant loss of charge from the 

capacitors CI, C2 during each Phase 2 interval, then an 
error will arise in the value of DC gain of the low-pass 
filter 3, with respect to a target value of DC gain. 
That is to say, the magnitude of that gain error is 

25 substantially entirely determined by the rate of charge 
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leakage from the capacitors CI, C2 during each Phase 2 
interval, due to leakage current in the analog switches. 
A maximum value for that error in the DC gain can be 
predetermined, e.g., expressed as a proportion of the 
5 target value of DC gain, such as 3%. If the duration of 
the Phase 2 interval is made such that the proportion of 
charge reduction (of capacitor CI, for example) that 
occurs during each Phase 2 interval is equal to the 
predetermined maximum allowable amount of error in the DC 

10 gain of the low-pass filter 3 with respect to the target 
value (e.g., an error of 3%), then satisfactory operation 
can be achieved. 

The amount of leakage of charge from the capacitor 
CI during each Phase 2 interval can be measured directly, 

15 or can be obtained by measuring the levels of leakage 
current of the analog switches. 

With such a short duration of the Phase 2 interval, 
it can be ensured that the charge on the capacitors CI, 
C2 during each Phase 2 interval will be left unchanged 

20 from the condition at the end of the preceding Phase 1 

interval, i.e., the charge condition will not be affected 
by flows of leakage current in the analog switches that 
are connected to these capacitors, and so will be left 
unchanged until the start of the succeeding Phase 3 

25 interval. Hence, the aforementioned problems of the prior 
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art with respect to errors in the gain of the filter in 
the low- frequency range and in the value of cut-off 
frequency attained, can be overcome. It thus becomes 
possible to realize a low-pass filter which can have an 
extremely low value of cut-off frequency, such as 1 Hz, 
by using a switched capacitor type of circuit in which 
the capacitors are of sufficiently small value to be 
readily formed in an integrated circuit. 

With this embodiment , the two-phase clock signals <|>1 , 
(|)2 are generated by the clock pulse signal generating 
circuit 40, whose internal circuit configuration can be 
as shown in the example of Fig. 4. With this circuit, a 
basic clock signal generating circuit 7 produces the 
basic clock signal at a frequency of 6 kHz, which is 
inputted to a 2 -bit binary counter 8. The output from 
the 2° stage of the binary counter 8 is inputted to an 
inverter Ql and to one input of a 2 -input AND gate Q3 , 
with the output from the inverter Ql being supplied to 
one input of a 2 -input AND gate Q2 , while the output from 
the 2 1 stage of the binary counter 8 is supplied to the 
other input of the AND gate Q2 and to the other input of 
the AND gate Q2 . The output produced from the AND gate 
Q2 consists of a train of pulses at a frequency of 1.5 
kHz, i.e., with each pulse occuring when the binary 
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counter 8 attains a count of 2 . That pulse train is used 
as the clock signal $1 of the circuit of Fig. 1. 

The output from the 2 -input AND gate Q3 also 
consists of a train of pulses each generated when the 
5 binary counter 8 attains a count of 3 . These pulses are 
delayed by being transferred through a delay circuit 9 
that produces a delay of approximately 1 \xs, with the 
output from the delay circuit 9 constituting the clock 
signal §2 of the circuit of Fig. 1, i.e., which also has a 

10 frequency of 1.5 kHz. 

Thus by appropriately determining the delay amount 
produced by the delay circuit 9, the phase relationships 
between the two-phase clock signals <|)1 , (j)2 are as shown in 
the timing diagram of Fig. 2, with an extremely short 

15 interval of approximately 1 p,s between the end of a pulse 
of the clock signal (|)1 and the start of the succeeding 
pulse of the clock signal §2 . 

It can thus be understood from the above that with 
the present invention, since the operation of the low- 

20 pass filter is unaffected by leakage current which flows 
in the analog switches, it becomes possible to implement 
a switched capacitor type of low-pass filter that can 
have an extremely low value of cut-off frequency, and 
which can be configured with capacitor values which are 

25 sufficiently small that the capacitors can readily be 
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formed within a semiconductor integrated circuit. Such a 
low-pass filter can be used to detect extremely low- 
frequency components of voltage variations, when the 
voltage variations include high-frequency components 
superimposed on the low- frequency components. 

The invention thus enables a semiconductor pressure 
sensor apparatus to be realized which can detect 
extremely low- frequency components of pressure variations, 
and which utilizes a switched capacitor type of low-pass 
filter that is formed in an integrated circuit. 

Furthermore although the low-pass filter of the 
present invention has been described in the above only 
with application to a sensor signal produced from a 
pressure sensor, it will be understood that such a low- 
pass filter is equally applicable to various other 
applications in which it is necessary to achieve a very 
low value of filter cut-off frequency for a low-pass 
filter whose components are formed entirely within a 
semiconductor integrated circuit. 



